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Abstract 
Layered tetrel pnictides have shown promise as thermoelectrics (TEs) due to their anisotropic crystal 
structure and weak van der Waals interactions between layers. The binary GeAs is a p-type 
semiconductor with a narrow indirect bandgap of 0.57 eV and a high Seebeck coefficient (~250 µV/K at 
300 K). This work probes the limits of the aliovalent substitutions of GeAs to modify charge carrier 
concentration. GaxGe1-xAs (x = 0.005, 0.01, and 0.02) and GeAs1-ySey (y = 0.01, 0.02, 0.03, and 0.05) 
samples were synthesized to study the structure-property relationships in this system. Hole doping of 
GeAs via Ga substitution increases carrier concentration resulting in the decrease in both resistivity and 
Seebeck coefficient. Se-substituted samples show more complex behavior related to defect chemistry. 
Overall, the thermoelectric power factor (S2/ρ) was significantly enhanced (up to 89%) for 
Ga0.005Ge0.995As as compared to pristine GeAs. 
  
Introduction 
Thermoelectric (TE) materials, which convert a temperature gradient into electrical energy, have been 
used by NASA for 40+ years for deep-space missions. With increasing terrestrial energy demands, there 
is a growing interest in the development of novel thermoelectric materials capable to convert waste 
heat into useful energy. The TE performance of a material is quantified by the dimensionless figure of 
merit, zT (Eq. 1), 
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where S is the Seebeck coefficient, ρ is electrical resistivity, and κ is total thermal conductivity. Electrical 
resistivity and Seebeck thermopower depend on the charge carrier concentration, n, (Eq. 2 and 3) where 
σ is electrical conductivity, e is the elementary charge of an electron, μ is the charge carrier mobility, and 
m* is the effective mass of the charge carrier. Tuning the charge transport properties has been a major 
focus of research for TEs, with various approaches such as nanoengineering, alloying, and reducing a 
material’s dimensionality.1, 2  
Layered compounds have shown promise as TE materials due to anharmonicity that arises from their 
anisotropic structures.3 Binary layered chalcogenide TE materials, such as Bi2Te3 and SnSe, have shown 
record high zT values.2 Other chalcogenide systems, such as BiCuXO (X = S, Se, Te) with a layered 
ZrCuSiAs-type crystal structure show reasonable zT values up to 0.7 at 773 K.4, 5 Tetrel-pnictides {Si, Ge}-
{P, As}, however, represent a less-studied family of layered van der Waals compounds that demonstrate 
large Seebeck coefficients. Recently, GeAs2 has been predicted to have an extremely high figure of 
merit, reaching up to 2.78 at 800 K.6, 7 Previous investigation of the tetrel mono-pnictides GeP and GeAs  
has determined that these compounds may be promising TE material candidates.8, 9 Additionally, 
exfoliation of layered tetrel-pnictide materials may give rise to an exciting range of other applications, 
such as field-effect transistors, batteries, nonlinear optics, and TEs.7, 10-15 
Germanium arsenide, GeAs, crystallizes in a monoclinic C2/m (No. 12) space group with GeAs layers 
running along the [1 0 1�] plane (Figure 1).8 Germanium atoms in the structure are tetrahedrally 
coordinated, while the arsenic atoms are 3-coordinated. The electron lone pairs on the As atoms are 
pointed towards three As lone pairs of another layer resulting in the layered structure with weak 
interlayer interactions.   
 Figure 1 – A [010] projection and general view of the GeAs crystal structure with the unit cell drawn in 
black. Ge: grey; As: pink. 
GeAs exhibits relatively high electrical resistivity which affects its TE performance. Isovalent 
substitutions to enhance mobility have been shown to be an effective method to improve transport 
properties of TE materials.16-22 A 3% substitution of Sn into GeAs improved zT by almost double that of 
pristine GeAs.8 Aliovalent substitutions, which affect charge carrier concentration, were shown to be 
effective for enhancing zT in several thermoelectric systems, such as Ag substitutions in GeTe 20 and Zn 
substitutions in K8Ga8Si38 ternary clathrates.23 In this work a comparative study of tuning charge 
transport properties was conducted by both p-type (Ga) and n-type (Se) substitutions into the GeAs 
structure.  
Experimental Section 
Warning: The As vapor pressure produced at high temperatures may be sufficient to compromise the 
reaction ampoule and may release toxic As-containing vapor. For related reactions, the As amounts 
should be kept to a minimum and furnaces used for these reactions should be located in a fume hood or 
well-ventilated space. 
Synthesis. All samples were prepared via solid-state reactions within evacuated and carbonized fused 
silica ampoules. Commercial grade starting materials of germanium pieces (Alfa Aesar, 99.999%), arsenic 
chunks (Alfa Aesar, 99.9999%), gallium (Alfa Aesar, 99.999%), and selenium powder (Sigma-Aldrich, 
99.5%) were used as received.  
All samples of GeAs, GaxGe1-xAs (x = 0.005, 0.01, and 0.02) and GeAs1-ySey (y = 0.01, 0.02, 0.03, and 0.05) 
were obtained from solid-state reactions of elements with a 5% molar excess of As. Starting materials of 
Ge, As, and Se were finely ground and mixed well before sealing to promote homogenization during the 
reaction. Ga pellets were cut into small chunks before mixing with Ge and As. Samples were placed in 
carbonized fused silica ampoules, then evacuated and flame-sealed. All ampoules were heated to 1373 K 
over 48 h, annealed at this temperature for 96 h, and cooled to room temperature by switching the 
furnace off. After cooling, the excess As was removed from samples via sublimation in a temperature 
gradient of 300/773 K, where the sample was placed in the hot zone of sealed silica ampoule. All 
samples obtained grew as ingots (Figure S3) and were easily cleaved to expose shiny plates with 
reflective faces. Carbonized ampoules were used to reduce the amount of flaky crystallized silica 
observed for these long dwelling high-temperature reactions. In most cases, the flakes could easily be 
blown away from the ingot of product, but for the 1% Se substitution some impurity silica phase was 
observed by PXRD. 
X-Ray Diffraction. Powder X-ray diffraction (PXRD) was carried out on a Rigaku 600 Miniflex with Cu-Kα 
radiation with a Ni-Kβ filter. Unit cell parameters at room temperature were determined using a NIST Si 
standard (640d) and a least-squares Le Bail refinement of the peak positions using WinCSD software.24 
High-resolution synchrotron PXRD datasets at variable temperatures were collected at the 11-BM 
beamline at the Advanced Photon Source located at Argonne National Lab. Rietveld refinement was 
used to determine unit cell dimensions with the GSAS-II software package (Figure S2).25  
Single crystal X-ray diffraction (SCXRD) on a crystal of Se-substituted GeAs was collected on a Bruker D8 
Venture diffractometer with Mo-Kα radiation at 100 K. The data was collected with ω-scans at 0.3° step 
widths and integrated using the Bruker SAINT software package.26 The structure was determined and 
refined using the SHELX suite of programs.27 Upon refinement of the structure, there were observed 
large difference electron density peaks near As. These were assumed to be Se atomic sites. The 
presence of Se atoms also caused two out of three Ge sites to split. The independent refinement of the 
occupancy of split sites under constrain of identical atomic displacement parameters (ADPs) indicated 
that those Ge sites are not fully occupied, and small concentration of vacancies is present in Ge sites. 
The resulting composition of the crystal was refined as Ge0.988(3) 0.012As0.985Se0.015(3). Further details of the 
crystal structure determination may be found through Cambridge Crystallographic Data Centre by using 
CCDC 1914932. 
Scanning Electron Microscopy (SEM). Elemental analyses of selected plate-like crystals and sintered 
pellets of GeAs and (Ga or Se)-substituted GeAs samples were performed using a FEI Quanta 250 field 
emission-SEM with EDS detection (Oxford X-Max 80) and Aztec software (Figure S1). Samples were 
mounted in epoxy, polished to a level surface, and coated with a conductive layer of carbon. The energy 
of the electron beam used was held constant at 20 kV and a working distance of 10.5 mm was used.  
Differential Scanning Calorimetry (DSC). All samples of Ga- and Se-substituted GeAs were analyzed with 
a Netzsch DSC 404 F3 Pegasus. Approximately 30 mg of polycrystalline sample was sealed in evacuated 
silica ampoules and measured against a blank ampoule. Both heating and cooling profiles were collected 
using a 10 K/min rate in the temperature range 323 K - 1173 K.  
Spark Plasma Sintering (SPS). Powder samples were compacted using spark plasma sintering (SPS 1050: 
Sumitomo Coal Mining Co, Ltd.) into dense pellets (Ø 12.7mm). Spark plasma sintering (SPS) of high-
density large pellets of GeAs in the past has been difficult, due to limits set by the graphite die used. A 
tungsten carbide SPS die was therefore used to withstand pressures up to 142 MPa. The SPS profiles 
were optimized initially on pristine GeAs. Single-phase samples were all prepared in a similar manner: 
finely ground under hexanes, sieved through a 100-mesh screen, and loaded into a WC die between 
discs of graphite foil and WC plungers. Samples were sintered by heating to 623 K over 5 minutes 
starting with an applied uniaxial pressure of 8 MPa, heated to 773 K over 15 min at which point the 
pressure was increased to 142 MPa, and then allowed to dwell at this temperature and pressure for 10 
min. The pressure was released immediately before allowing to cool back to room temperature. The 
resultant pellets were polished with sandpaper to remove any graphite and surface contaminants. 
Geometric densities of the set of samples ranged from 76% to 87%, relative to the theoretical density of 
GeAs (Table 1). After SPS, PXRD was taken for all samples and no degradation was observed.  
 Table 1. - Pellet relative geometric densities of Ga and Se substituted GeAs samples. 
Sample % Density 
Ga0.02Ge0.98As 82 
Ga0.01Ge0.99As 86 
Ga0.005Ge0.995As 87 
GeAs 82 
GeAs0.99Se0.01 80 
GeAs0.98Se0.02 76 
GeAs0.97Se0.03 85 
GeAs0.95Se0.05 81 
 
Transport Property Measurements. Transport properties were measured on polycrystalline sintered 
pellets of Ga- and Se-substituted GeAs samples in the 400 – 700 K temperature range. Measurements of 
Seebeck coefficient and electrical conductivity were conducted on a Netzsch SBA 458 Nemesis, while 
thermal conductivity studies were performed using a Netzsch LFA 467 HT HyperFlash. A thin layer of 
conductive graphite was applied to the pellets before LFA measurements were taken. Thermal 
conductivity measurements were taken against a reference of Pyroceram 9606. The sintered pellets 
were then cut to rectangular pieces with dimensions of ~ 5×2.5×0.7 mm3 and used for Hall and room 
temperature resistivity measurements using the Alternating Current Transport option on a Physical 
Property Measurement System (PPMS) at room temperature. A five-probe geometry was used with 50 
μm Pt wires and Ag paste. The magnetic field was swept from –6 T to 6 T. The Hall concentrations were 
then calculated from the value of Rh obtained from the slope of the measured ρ vs. magnetic field.  
Results and Discussion 
The crystal structure of GeAs at 90 K previously reported from single crystal X-ray diffraction data from 
our group gave unit cell parameters of a = 15.618(3) Å, b = 3.7948(7) Å, c = 9.513(2) Å, β = 101.115°, Vol 
= 553.2(2) Å3.8 Mentzen et al. reported a room temperature structure with unit cell parameters of a = 
15.517 Å, b = 3.775 Å, c = 9.455 Å, β = 101.03°, Vol = 543.61 Å3.28 An observed 2% difference prompted 
us to study the thermal expansion of GeAs using high-resolution synchrotron powder X-ray diffraction at 
variable temperatures ranging from 100 K to 480 K. The temperature-dependent unit cell volume 
expansion reported here has a positive coefficient of thermal expansion of 0.011 Å3/K. It should be 
noted that the two previously reported single crystals data points were from two different samples 
measured on two different instruments. These two data points may deviate from the 11-BM dataset 
greatly due to inconsistencies in instrument calibration.  
 Figure 2 - Unit cell volumes of GeAs at various temperatures refined from 11-BM data (black dots) and 
previously reported data points at 90 K and 300 K (red triangles).8 The size of the symbol used is larger 
than the estimated standard deviations. 
Pristine GeAs is a p-type semiconductor with a high Seebeck coefficient and high electrical resistivity. 
Aliovalent substitutions of Ga and Se aimed at tuning the charge carrier concentrations were performed. 
The products of GeAs, GaxGe1-xAs, and GeAs1-ySey form as ingots and are easily broken into silvery plate-
like crystals (Figure 3, inset). All samples obtained, except for the 1% Se-substituted sample, were single-
phase according to lab PXRD (Figure 3). The impurity phase indicated by asterisks in Fig. 3 is crystalline 
silica from the reaction ampoule, as described in the Experimental Section.  
 
Figure 3 – Lab PXRD patterns of GeAs, GaxGe1-xAs (x = 0.005, 0.01, and 0.02), and GeAs1-ySey (y = 0.01, 
0.02, 0.03, and 0.05) collected at room temperature. Asterisks indicate diffraction peaks of crystalline 
SiO2 in the 1%-Se sample. the Inset: Ingot broken into silvery GeAs plates. 
Elemental analysis with energy dispersive x-ray spectroscopy (EDS) qualitatively detected both Ga and 
Se, however due to the overlapping signals of Se with As and Ge (Figure S1), quantification was not 
achieved for Se-substitutions. Table 2 shows the comparison of nominal vs. EDS concentrations of Ga in 
the samples. To determine structural modifications taking place upon aliovalent substitutions, unit cell 
parameters were refined using a Si internal standard (NIST 640d) with PXRD. Based on the elements’ 
electronegativities, Ga is expected to replace Ge, while Se to replace As in the GeAs structure. Overall, 
the Ga-substituted samples have larger unit cells than the pristine and Se-substituted samples (Figure 4) 
because the Ga-As bond in GaAs (2.448 Å) is slightly larger than the Ge-As bond distances in GeAs (2.43-
2.45 Å) and Ga covalent radii (1.25 Å) is slightly larger than that for Ge (1.22 Å). The decrease of the unit 
cell volume for nominal 2% Ga sample indicates that the maximum concentration of Ga is smaller than 
2%. The sensitivity of benchtop PXRD may not be high enough to detect tiny Ga-containing impurities. 
The Se-substituted samples exhibit gradual increase of the unit cell volume up to 3% Se which probably 
corresponds to maximum substitution concentration. GeSe has much longer Ge-Se distances of 2.56-
2.57 Å as compared to Ge-As bonds in GeAs, 2.43-2.45 Å. Incorporation of Se into GeAs leads to only a 
slight increase of the unit cell volume which indicates that this may not simple substitutions, but rather 
more complex structural re-arrangements as confirmed by single crystal diffraction experiment. 
Differential scanning calorimetry (DSC) of synthesized samples showed melting onset signals ranging 
from 1000(1) to 1011(1) K and crystallization onset signals ranging from 997(1) to 1014(1) K (Figure 5). 
All samples melt congruently, PXRD patterns of the samples after the DSC runs show no samples’ 
degradation. Ga substitution increased the thermal stability of GeAs while Se incorporation has an 
opposite effect. EDS, powder XRD, and DSC indicate that samples with nominal 0.5% and 1% Ga have 
similar Ga content and compositions. This was later confirmed by the transport properties 
characterization. 
Table 2. – Comparison of nominal and EDS measured Ga content of pellets.  
Nominal % Ga EDS % Ga 
0.5 1.4(6) 
1 1.6(9) 
2 2.0(5) 
 
Figure 4 - Unit cell volume versus nominal content of Ga- or Se- substituted into GeAs. Unit cells were 
determined by a least-squares Le Bail refinement with an internal standard of Si. 
 Figure 5 - Differential scanning calorimetry (DSC) plots of GeAs (black), GaxGe1-xAs (x = 0.005 (red), 0.01 
(blue), and 0.02 (purple)), GeAs1-ySey (y = 0.01 (red), 0.02 (blue), 0.03 (purple), and 0.05 (green)) showing 
both heating (dashes) and cooling curves (solid). The onset temperatures upon heating from DSC 
measurements versus nominal Ga- and Se-substituted GeAs are shown in the bottom panel. 
The optimized SPS profile consistently resulted in 12.7 mm diameter pellets of approximately 80% 
relative geometric densities (Table 1). The densities measured by Archimedes’ method gave much 
higher values (ranging from 96-98%), suggesting the pellets were porous in nature. Ga-containing 
samples gave slightly higher density pellets than the Se-containing and pristine GeAs samples. The small 
substitution of Ga seemed to improve the material’s mechanical properties, which was similar in the 
case of Sn-substituted GeAs,8 where a 12.7 mm diameter pellet of 89% relative density was achieved. 
Typically, pellet densities of >90% are required for accurate determination of TE properties. In the 
current study, the effect of substitution on charge transport properties on all samples with similar 
densities was investigated. Thus, the porosity is expected to have a similar effect on all samples and will 
not affect the general trends. The absolute value of zT may be not accurate and growth of single crystals 
or different sintering conditions need to be applied to reveal true zT. The main drawback of having semi-
porous pellets is the determination of thermal conductivity. Power factors, however, are less affected by 
density and are more reliable to compare the effect of charge carriers on transport properties.  
Scanning electron microscopy (SEM) on the cross sections (Figure 6) of the resultant pellets reveals 
moderate texturing within the pellet. It should be noted that the anisotropy of this system greatly 
affects the properties observed. Thermal conductivity was measured through the pellet, while the 
electrical resistivity and Seebeck coefficient were measured along to the pellet. It has previously been 
shown by our group that single crystals of GeAs show anisotropic behavior.8 This anisotropic effect 
might be present in the pellets due to preferred orientation of the crystallites. However, the texturing 
effects are expected to be similar for all studied samples and will reveal the general trends. For the 
power factor, both properties were measured in the same direction allowing for the comparison of 
samples with different substitutional levels. 
 
Figure 6 – Back scattered electron SEM images of top surface and cross-section of cut sintered pellets 
with texturing of GeAs.  
High temperature (400 – 700 K) TE properties on polycrystalline sintered pellets of the pristine and 
aliovalent substituted GeAs are shown in Figure 7. All samples exhibit semiconductor behavior, with 
electrical resistivity decreasing with temperature. Since both ρ and S are inversely related to the charge 
carrier concentration, by adding hole carriers via Ga substitutions in GeAs (p-type semiconductor) a 
decrease of ρ and S values is expected, relative to the values for the pristine GeAs sample. This trend is 
clearly visible for samples with 0.5% and 1% nominal concentration of Ga. The sample with 2% Ga falls 
off this trend, confirming that the maximum Ga concentration has been achieved for sample with 
nominally 1% Ga. The Se-substituted samples should negate the hole carriers (i.e. adding electrons to 
the system) and an increase is expected in ρ and S values. Samples with nominal 1% and 2% Se follow 
the expected trend. A further increase in Se concentration resulted in a substantial drop in both ρ and S 
values. This may be attributed to the structural disorder and formation of Ge vacancies as observed 
from SCXRD data (Figure 8).  
The highest achieved power factor (S2/ρ) at 700 K, 3.3×10–4 W/mK2 for Ga0.005Ge0.995As (Figure 7c), is 
comparable to predictions for GeAs2 (5.5×10–4 W/mK2 or 3×10–4 W/mK2 at 300 K),6, 7 as well as 
experimental power factors determined in other materials like Ge0.99Ag0.01Te (4.7×10–4 W/mK2 at 310 
K)20 and Ca3Co3.85Bi0.15O9+δ (2.0×10–4 W/mK2 at 1000 K).29 Upon 0.5% Ga-substitution, the power factor 
was enhanced from pristine GeAs by 89% (at 673 K). This significant enhancement of power factor 
indicates that GeAs carrier concentration is tunable.  
Ga substitutions resulted in the two orders of magnitude increase of the hole concentration from 
3.3×1018 cm-3 for pristine GeAs to 2.7×1020 cm-3 for 0.5% Ga-substituted GeAs (Figure 7e). The latter hole 
concentration is relatively high as compared to BiCuSeO (1.8×1018 cm-3), but lower than the carrier 
concentration for Ge1-xAgxTe for x = 0.01 (1.4×1021 cm-3) and x = 0.04 (2.7×1021 cm-3). Replacing of As 
with Se is expected to reduce charge carrier concentration as compared for pristine GeAs. This is the 
case only for sample with nominal 1% Se, while for samples with 2% and 3% Se the hole concentration 
increases. This, together with unit cell dependence (Figure 4), indicates a more complex disorder 
chemistry. Hole mobility decreases slightly by factor of 2-3 for Ga-substituted samples while for Se-
containing samples the hole mobilities decreases by almost an order of magnitude, again indicating 
some degree of disorder. 
Overall, the thermal conductivities of substituted samples were relatively low (<2 W/mK) (Figure 7d). 
Thermal conductivity, κ, increases for both Ga- and Se-aliovalent substitutions as compared to the 
pristine GeAs. This may stem from the slightly higher pellets’ densities. It is difficult to achieve higher 
pellet densities (>90%) for the layered systems presented here, which is crucial for reliable thermal 
conductivity measurements. Using the Wiedemann-Franz law, the electronic contribution of the total 
thermal conductivity even for the most conductive Ga-substituted samples was estimated not to exceed 
0.07 W/mK at 700 K (Figure S4).  
 
 
 
 Figure 7 - Thermoelectric properties for GeAs, GaxGe1-xAs (x = 0.005, 0.01, and 0.02), and GeAs1-ySey (y = 
0.01, 0.02, 0.03, and 0.05): a) electrical resistivity, b) Seebeck coefficient, c) power factor, d) total 
thermal conductivity, e) Hall charge carrier concentration at 300 K, and f) thermoelectric figure of merit 
zT. In the zT plot, a datapoint for Sn0.03Ge0.97As sample is shown as a blue star.8 
Despite the substantial increase in the power factor, the increase of the thermal conductivity for Ga-
containing samples resulted in only moderate increase of the figure of merit, zT, from 0.19 at 673 K for 
pristine GeAs to 0.21 at 673 K for the Ga0.005Ge0.995As sample (Figure 7f). As a comparison, the previous 
reported Sn0.03Ge0.97As exhibited a higher zT (0.35 at 660 K) for a higher density (89%) pellet.8 Therefore, 
the overall zT may be enhanced especially if measured on samples of identical density or single crystals.  
 
 
Figure 8. Crystal structure of Se-substituted GeAs. Split Se/As and Ge sites are shown. Dashed box 
zoomed in to show disorder in one Ge2(As,Se)6 octahedron together with three possible ordered models. 
Boxes (□) indicate vacancies of Ge sites. As: pink, Ge: black, grey, and white; Se: blue. 
Single crystal x-ray diffraction reveals the structure of Se-substituted GeAs, which confirmed our 
assumption regarding the substitutional disorder. The structure for a single crystal of approximately 2% 
Se was refined as Ge0.988(3) 0.012As0.985Se0.015(3),   – vacancy. Instead of a simple replacement of As for Se, 
disorder is introduced to four out of six sites in the GeAs structure (Figure 8). The Ge-Ge dumbbells 
parallel to the layers (Ge3 sites) are fully occupied with no split sites. Ge3 dumbbells are coordinated to 
two fully occupied As2 atoms. The Ge3-Ge3 distance of 2.46 Å and As2-Ge3 distance of 2.46 Å fall within 
the reported for pristine GeAs ranges of 2.44-2.46 Å and 2.44-2.49 Å, respectively.8 The Se was detected 
as split As1 and As3 sites. Those Se sites are shifted towards Ge1-Ge2 dumbbell causing both Ge sites to 
split. When As1 and As3 are present they are bonded to Ge1 and Ge2 atoms at regular distances of 2.44 
Å (Ge1-Ge2) and 2.44-2.46 Å (Ge-As). Ge1 and Ge2 are too close to Se atomic sites at physically 
unrealistic distances of 2.26-2.32 Å. Split Ge11 and Ge21 sites are at reasonable distances from Se sites, 
2.41-2.51 Å. The nearest Ge neighbor sites to either Ge11 or Ge21 are shorter than 2 Å, therefore Ge11 
and Ge21 are accompanied with a Ge site vacancy (Figure 8). This is confirmed with the occupancy 
refinements, showing that total occupancies of Ge1+Ge11 and Ge2+Ge21 sites are less than 100%, both 
sums up at 98%. The observed disorder and Ge vacancy formation are probably responsible for the non-
linear properties’ changes in the Se-substituted samples. This example illustrates an importance of the 
fine details of the crystal structure for the establishment of the composition-structure-properties 
relationships.  
 
Conclusions 
The tetrel pnictide GeAs has a limited tolerance for aliovalent substitutions. Small amounts of Ga, up to 
1%, can be successfully incorporated, resulting in two orders of magnitude increase of the hole carrier 
concentration and an 89% increase of power factor as compared to pristine GeAs. On the other hand, Se 
substitution is accompanied by unexpected trends in unit cell parameters and charge transport 
properties, which is caused by the site disorder and Ge vacancies of the structure. Further investigations 
of isovalent Sb/As substitutions aimed at improving hole mobility are currently underway. 
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